Black carbons (BCs), including soots, chars, activated carbons, and engineered nanocarbons, have different surface properties, but we do not know to what extent these affect their sorbent properties. To evaluate this for an environmentally ubiquitous form of BC, biomass char, we probed the surface of a well-studied wood char using 14 sorbates exhibiting diverse functional groups and then fit the data with a polyparameter linear free energy relationship (ppLFER) to assess the importance of the various possible sorbatechar surface interactions. Sorption from water to water-wet char evolved with the sorbate's degree of surface saturation and depended on only a few sorbate parameters: S reflects polarity, and B represents the electron-donation basicity. As generally observed for activated carbon, the sorbate's size encouraged sorption from water to the char, while its electron donation/proton acceptance discouraged sorption from water. However, the magnitude and saturation dependence differed significantly from what has been seen for activated carbons, presumably reflecting the unique surface chemistries of these two BC materials and suggesting BC-specific sorption coefficients will yield more accurate assessments of contaminant mobility and bioavailability and evaluation of a site's response to remediation.
INTRODUCTION 1
We now know that sediments and soils include "black carbons" (BCs) such as 23 soots, biomass chars, and coal dust residues, and that these special components of the 24 total organic carbon must be distinguished from the rest of the organic matter to estimate 25 accurately K d values of many contaminants [8] [9] [10] [11] [12] [13] [14] . Thus, sorption estimations can be 26 greatly improved by using an extended expression that includes black carbon as a 27 separate sorbent [10] 28 29
(1) 30 31 where f oc is now the non-BC organic carbon weight fraction in the sediment, f BC is the 32 BC weight fraction, K BC is the compound specific BC-water adsorption coefficient, and 33 C w (n-l) is the dissolved sorbate concentration of compound raised to a power, n-1, to 34 their formation [16, 17] . However, chars formed at greater than about 400 o C typically 46 have predominantly aromatic surface character [17] [18] [19] and some oxygen-containing 47
We used 14 sorbates (Table 1) with varied functional groups, covering a range of 68 the ppLFER parameter space (i.e., V from 0.715 to 1.154, E from 0 to 0.871, S from 0 to 69 1.11, A from 0 to 0.37, and B from 0 to 0.51). While these probe compounds do not 70 cover the entire known range of the parameters [25, 26] , they do represent diverse 71 intermolecular forces and have a relatively broad range in aqueous solubilities (Table 1) . 72
Any ppLFER can only be justifiably applied within the tested Abraham/McGowan 73 parameter space, rather than outside of it (i.e., the V, E, S, A, and B of a compound must 74 fall within the range tested here if the ppLFER is to give accurate results). Sorbate-75 saturated aqueous solutions were prepared by equilibrating excess quantities of each 76 sorbate with 18MΩ UV-oxidized water for at least 1 wk in pre-combusted, ground-glass-77 All batch sorption experiments were conducted in pre-combusted, 7-mL, 18-mL, 97 or 50-mL ground-glass-stoppered centrifuge tubes. All-glass containers were used to 98 avoid sorbate losses to Teflon™ or other polymers [29] [30] [31] . Sorbent (i.e., char-quartz 99 mixture) and sorbent-free (i.e., quartz only) samples were pre-wet with 18 MΩ water for 100 at least 1 wk prior to sorbate addition. Serial dilutions of the water-saturated sorbate 101 stocks were gravimetrically prepared (at 0.1, 0.01, 0.001, and 0.0001 aqueous saturation) 102 and then immediately added to triplicate sorbent containers. Headspace was minimized 103 to avoid sorbate loss to the vapor phase. Sorbate concentrations were quantified 104 following 7-to-14 d equilibration times, which we determined was sufficient to establish 105 equilibrium (based on a toluene sorption time-series (Supplemental Data, Figure S1 ; 106 Table S2 ). To minimize the influence of suspended colloids on the measured dissolved 107 aqueous concentrations of sorbate, each test tube was centrifuged at 1150 g for at least 90 108 min prior to sorbate quantification. Recall that the char itself was spread over quartz sand 109 (through the use of an ethyl acetate carrier) to ensure uniform exposure of the char and to 110 aid gravitational settling. 111
As sorption to char is a surface process, we chose to probe the char surface as aliquid sorbate's solubilities represent 100% saturation in solution, the fractional saturation 114 in solution also corresponds to the same degree of saturation (or chemical activity) on the 115 char surface at solution-surface equilibrium in a batch experiment. This allowed us to 116 investigate the effect of increasing surface coverage between highly variable sorbates. 117
Since the probe sorbates' have a broad range of aqueous solubilities, and comparison at 118 equal concentrations would either unnecessarily limit the range of chemical loadings (i.e., 119
for the most water-soluble species) or result in the formation of a pure sorbate phase (i.e., 120 for the least soluble species), which would confound the results. The average aqueous sorbate concentration in char-free control tubes (i.e., quartz 132 only; n=3) was compared to the aqueous sorbate concentration in char-containing tubes 133 (i.e., C w ), where the difference was attributed to sorption to char. This mass difference 134 was normalized to the mass of char sorbent to give the concentration of sorbate on the 135 solid char (i.e., C s ). For hexane and heptane, which have relatively high air-waterpartition coefficients, we also accounted for the mass of sorbate in test tube bubbles that 137 evolved during the course of the equilibration (<1 mL, where the volume was deduced by 138 changes in weight). 139
140

Sorption isotherms. 141
The experimentally-determined C s and C w data were fit to the log-transformed 142 
where V (in cm 3 mol -1 /100) is the sorbate's McGowan characteristic volume, E (in 157 cm 3 /10) is the excess molar refraction, S is the polarity/polarizability parameter, A and B 158 are the hydrogen acidity and basicity, respectively, and a i = C iw /C iw,sat , is the ratio of thesorbate i's concentration to its (liquid) solubility. Coefficients were determined both by 160 backward and forward stepwise multiple linear regression analysis of experimental values 161 using Microsoft™ Excel and StatPlus™. In the case of backward fitting, the significance 162 of each term in equation 3 was evaluated using a t test to determine the probability that 163 the coefficient was different from zero. Insignificant terms were systematically 164 eliminated one at a time and then the regression analysis was repeated until only 165 significant correlation coefficients remained (i.e., via backward stepwise multiple 166 regression analysis) and the ANOVA factor, F, was maximized. Given a data set of 128 167 observations, 6-12 parameters could be fit meaningfully, but we ultimately found only 4 168 parameters proved to be significantly different from zero in the optimized ppLFER fit. 169
For comparison, a forward stepwise multiple linear regression analysis yielded the same 170 significant terms and coefficients (Supplemental Data, Table S3 ). 171
172
RESULTS
174
Sorption kinetics. 175
Sorption time courses were assessed using toluene, which has a similar aqueous 176 diffusivity (ca. 10 -5 cm 2 s -1 ) as our other probe sorbates. Dissolved toluene 177 concentrations approached equilibrium in less than 1 week (Supplemental Data, Figure  178 S1), and thus, we concluded that our incubation timeframe should be at least 1 wk to 179 establish equilibrium, while at the same time not suffering losses during the incubations 180 Table 2 ). Each isotherm was constructed using at least 189 eight data points, except for 1-heptanol (N=6). Within each compound class (e.g., 190
alkanes, ethers, and alcohols), sorbates with the highest aqueous solubility exhibited the 191 lowest affinity for char (lowest sorption), except for diethylether (Figure 2 ). For alkanes, 192 alcohols, and ketones, the seven-carbon sorbate always had a larger K f than the respective 193 six-carbon compounds (Table 2) (Table 1) . Char-water partitioning depended directly on the dispersion interactions (V 221 term), inversely on the electron donating character (B term), and weakly on the sorbate's 222 polarizability (S term). Interestingly, the V term exhibited some dependence on 223 saturation, becoming more important at higher dilution; the B term did not exhibit 224 significant dependence on saturation over the investigated range, and the S term was only 225 important at low activities (e.g., a<0.001). The physical-chemical implications of these 226 dependencies are discussed below. 227
DISCUSSION 229 230
Consistency of ppLFER with previous observations. 231
Due to the prevalent use of activated carbon in water remediation applications, 232 several research groups have previously developed activated carbon-water partitioning 233
LFERs for organic compounds. While the exact coefficients differ (Table 3) [32-36], 234 likely due to differences in GAC character and perhaps some experimental problems 235 associated with assuming equilibrium before it is reached (Supplemental Data, Table S2 ), 236 the important sorbate parameters are consistent: the molar volume (V) and electron
zero. 241
The positive coefficient on the V term (Eqn. 4) largely results from the favorable 242 free energy change associated from moving out of water to a hydrophobic surface. The 243 activity dependency suggests more complete sorbate removal at low saturations 244 (increasing influence of V term at low surface coverage), consistent with the view that the 245 most favorable sorption sites involve deeper sorbate penetration into the porous char. 246
The negative impact of the B term implies that loss of hydrogen-bond donating 247 interactions between the sorbate and solvent water are not replaced by interactions with 248 the water-wet char. This is consistent with the expectation that aromatic pi electrons in 249 the char can donate electron density to a hydrogen-bonding sorbate but cannot accept 250 electron density from electron-donating sorbates [37] . The absence of aqueous saturationdependence of the B term for char sorption suggests that this effect is independent of the 252 surface coverage on the char. In other words, the saturation independent character and 253 negative coefficient of B may simply reflect a constant "penalty" of sorbate removal from 254 water, irrespective of sorbate position within the char. 255
Other terms made smaller contributions to K d , as was observed for activated 256 carbon (see Table 3 ). In the case of the wood char, the contribution of the polarizability 257 
This equation (Eqn. 5) has the form of the log-transformed Freundlich isotherm 276 expression (Eqn. 1), log C s = log K f + n log C w , and can thus be solved to determine log 277 K f and n in terms of the sorbate parameters, V, S, and B. 278 where the terms correspond to the contributions of V, B, and S, respectively. In contrast, 295 sorbates with little electron donating basicity and polarizability (i.e., B≈0 and S≈0) haveFreundlich coefficients almost entirely dependent on dispersive forces (the V term). This 297 is, perhaps, unsurprising and is consistent with observations. 298
The Freundlich exponent, n, captures the non-linearity of the sorption process, 299
and, in the case of sorption from water to water-wet char, this exponent exhibited a 300 dependence on dispersive forces and polarity (i.e., the V and S terms, respectively). Note 301 that the slope of the line is not significantly different from 1 (1. 19 and dashed lines are best-fit curves, from which we derive characteristic Freundlich 522 parameters, log K f (intercept) and n (slope). See Table 2 for parameter values. 
